The dissolution of silicate minerals by CO 2 -rich fluids and the subsequent precipitation of CO 2 as carbonate minerals represent a means of permanently storing anthropogenic CO 2 waste products in a solid and secure form. Modelling the progression of these reactions is hindered by our poor understanding of the rates of mineral dissolution-precipitation reactions and mineral surface properties in natural systems. This study evaluates the chemical evolution of groundwater flowing through a basalt aquifer, which forms part of the leaking CO 2 -charged system of the Blackfoot Volcanic Field in south-eastern Idaho, USA. Reaction progress is modelled using changes in groundwater chemistry by inverse mass balance techniques. The CO 2 -promoted fluid-mineral reactions include the dissolution of primary plagioclase, orthoclase, pyroxene and gypsum which is balanced by the precipitation of secondary albite, calcite, zeolite, kaolinite and silica. Mineral mole transfers and groundwater flow rates estimated from hydraulic head data are used to determine the kinetics of plagioclase and orthoclase feldspar dissolution. Plagioclase surface area measurements were determined using the evolution of the U-series isotope ratios in the groundwater and are compared to published surface area measurements. Calculated rates of dissolution for plagioclase range from 2.4 Â 10 À12 to 4.6 Â 10 À16 mol/m 2 /s and orthoclase from 2.0 Â 10 À13 to 6.8 Â 10 À16 mol/m 2 /s respectively. These feldspar reaction rates, correlate with the degree of mineral-fluid disequilibrium and are similar to the dissolution rates for these mineral measured in other natural CO 2 -charged groundwater systems.
Introduction
Capture of carbon dioxide (CO 2 ) and subsequent storage in geological formations is widely seen as an important method for mitigating the effects of fossil fuel burning on global climate change (e.g. Intergovernmental Panel on Climate Change, 2013). Injection of CO 2 into basaltic aquifers is attractive due to the higher reactivity of mafic rocks compared to sandstone reservoirs, which may accelerate the conversion of injected CO 2 into solid phases (e.g. Kelemen and Matter, 2008; Kelemen et al., 2011; Matter and Kelemen, 2009) . One of the outstanding scientific questions regarding injection of CO 2 in basaltic formations relates to the exact nature and rate of the subsequent CO 2 -promoted mineral dissolution and precipitation reactions. Knowledge of the rates of these reactions is essential for accurate modelling of the long term fate of the injected CO 2 . Studies attempting to model the long term fluid-rock reactions in CO 2 storage sites typically use mineral reaction rate laws derived from laboratory experiments. However, there is a welldocumented discrepancy of several orders of magnitude between the rates of silicate mineral dissolution derived from laboratory experiments and those derived from measurements in natural systems under comparable conditions of temperature and pH. These discrepancies may be due to the proximity of natural systems to equilibrium, ageing of mineral surfaces, difficulties associated with defining reactive mineral surface areas and the role of fluid transport processes as a rate limiting step in natural systems (e.g. Hellmann and Tisserand, 2006; Kampman et al., 2009; Maher, 2010; Maher et al., 2009; White and Brantley, 2003; Wigley et al., 2012) . Further measurements of mineral reaction rates from natural systems are therefore required to constrain the controls of mineral fluid-kinetics in natural systems and to provide rate constants for use in fluid-rock reaction modelling.
In this study we model the nature and kinetics of mineral-fluid reactions which control fluid chemistry along groundwater flow paths in Soda Springs Valley Aquifer. Fluid-mineral reaction rates are constrained using (i) measured fluid and mineral chemistries, (ii) mineral surface area data and (iii) groundwater flow rates calculated from hydraulic head data and in-situ fracture permeability estimated from hydraulic well test data. Reactive mineral surface areas are estimated from mineral and fluid U-series isotope data and from geometric estimates using fracture surface area and mineral modal abundance data. The changes in groundwater chemistry along defined flow paths are modelled using mass balance of mineral dissolution and precipitation reactions and rates are derived using flow rate and mineral surface area data.
Geology
The Blackfoot Volcanic Field is located in southeastern Idaho along a transition zone between the Sevier Thrust Belt and the Basin and Range Province (Allmendinger, 1981; Hutsinpiller and Parry, 1985 ; Fig. 1 ). The major structures in the region are related to two major events, east-west compression during late Mesozoic to Eocene Sevier Orogen followed by Cenozoic basin and range extension with the formation of north-northwest-trending grabens and half-grabens (Allmendinger and Jordan, 1981; Armstrong and Oriel, 1965; Burchfiel et al., 1992; Camilleri et al., 1997) . Extensive deposition of the fluvial Salt Lake Formation unconformably above Proterozoic and Palaeozoic rocks characterise this extensional period (e.g. Miller, 1991; Oriel, 1968; Oriel and Platt, 1980; Sacks and Platt, 1985) . Several generations of faults cut the Salt Lake Formation indicating extension continued during the Late Miocene to Early Pliocene (Janecke and Evans, 1999) . The Pleistocene marks a period of widespread volcanism in the region with dozens of volcanic vents and cinder cones emplacing the Blackfoot Lava Field, which ranges from a few metres thick at the margins to more than 300 m in the central parts of the basin, with individual flows up to 12 m thick (Mabey and Oriel, 1970) . The volcanism is contemporary with the Snake River Plain volcanism to the north (Armstrong et al., 1975; Hutsinpiller and Parry, 1985) . Mabey and Oriel (1970) 
Hydrogeology and flow paths
Numerous thermal CO 2 -rich springs, along with several artesian and abandoned geothermal exploration wells occur in the Blackfoot Volcanic Field (Hutsinpiller and Parry, 1985) . These springs and wells issue from within or proximal to the margins of the basalt flows along north-northwest trending extensional faults. Small travertine deposits forming mounds and cones occur in direct association with the CO 2 springs. The close spatial association between extensional faults and springs suggest these faults act as conductive pathways for ascending groundwater. CO 2 / 3 He and d
13 C ratios of selected CO 2 -charged springs indicate that the CO 2 is derived from varying degree of crustal and mantle derived carbon (Jeandel et al., 2010) . Recent work by Lewicki et al. (2013) mapped surface CO 2 fluxes and quantified the emissions of CO 2 around some of the springs. The major sources of groundwater recharge in the region are upland precipitation and snowmelt around the edges of the basin, leakage from the Blackfoot Reservoir, seepage from streams and rivers along the margins of the basin, and possible underflow from the Bear River-Dingle Swamp groundwater system (Graham and Campbell, 1981) . The hydrogeology of the Blackfoot Volcanic Field comprises two major groundwater regimes; an unconfined freshwater surficial aquifer in the upper basalt flows and scoria cones, and a multi-layered carbonate-rich aquifer semi-confined to the lower basalt flows and scoria cones. Hydraulic flow within the basalt travels preferentially along flow boundaries through rubble zones. Geochemical analyses of groundwater (Idaho Department of Water Resources, 2012) discharging from the upper freshwater aquifer indicates that there is mixing between the upper and lower groundwater regimes. On the basis that the upper aquifer and lower aquifers are in hydraulic communication, and as both portions of the aquifer are recharged in the regions surrounding the Blackfoot Volcanic, regional potentiometric surface maps are constructed from borehole data in wells penetrating the upper aquifer (Idaho Department of Water Resources, 2012). Flow paths and hydraulic head data for the lower aquifer are estimated from these maps. Groundwater flow is therefore considered to be predominately horizontal in both regimes, with a south to southwest flow direction that diverts to a westerly flow near Soda Springs. The sampled CO 2 -charged springs discharge from faults and wells penetrating the lower aquifer and along a regional flow path (7-1; Fig. 1 ).
Sampling and analytical methods

Water sample collection
Water samples were collected from a total of 19 springs in the Blackfoot Lava Field during November 2011. All samples were filtered through 0.2 lm nylon filters on collection and stored in pre-cleaned, 3 M HCl and 18.2 MX deionized water washed polyethylene bottles, prewashed with filtrate. At least two samples were taken of each spring for major and trace element analysis, one being acidified with HNO 3 for cation analysis and one un-acidified for anion analysis. Eh, pH, temperature, and alkalinity (by Gran Titration; Stumm and Morgan, 1996) were measured in the field. The pH/Eh metre was calibrated daily on standard solutions of pH 4, 6 and 8.
Major and trace elements
Thirty water samples were analysed for Na, K, Ca, Mg, Si, Sr, Al, Ba, B, Fe, Mn, SO 4 , Cl, and F at the University of Cambridge (Table S1 ). Cation analysis was conducted on acidified samples using a Varian Vista-Pro simultaneous Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES) and anion analysis on un-acidified samples using a Dionex Ion Chromatography System. International river and lake water standards T-149, T-167, LGC 6019, SPS-SW2 were dispersed between samples to determine the accuracy of data. 
Discussion and results
Well test and bulk hydraulic conductivity
Groundwater principally moves through fractures and rubble zones in the basalt. The in-situ bulk hydraulic conductivity of the fractured basalt was estimated from pressure recovery data collected during flow testing of Pavilion Well, which discharges CO 2 -charged fluid from the lower aquifer. Gas and water discharge were estimated using a venturi metre and by collection of the discharged water into a known volume. After discharging for approximately 5.5 h, a relatively constant flow rate was achieved. The well was then shut-in and pressure data was logged for the time it took to stabilise (Fig. 2a) . The pressure gauge was monitored and data recorded in response to changes in pressure.
The Bisroy and Summers (1980) recovery method for analysing single-well tests with variable discharge rates in a confined aquifer was used to estimate the hydraulic conductivity. The residual drawdown response is determined analytically using Eq. (1) from Bisroy and Summers (1980) . The slope of a semi-log plot of the residual drawdown (s 0 ) divided by constant discharge (Q) versus adjusted time (Fig. 2b) , can be used to determine the transmissivity and hydraulic conductivity by:
This gave a bulk hydraulic conductivity of 1.2 Â 10 À4 ± 1.8 Â 10 À5 m/min. Uncertainty was calculated using the equations in Appendix A. Drilling conducted by the U.S. Army Engineers (1968) in the upper aquifer on the southern edge of Blackfoot Reservoir gave a similar range of hydraulic conductivity values ranging from 3.05 Â 10 À6 to 6.71 Â 10 À4 m/min. The calculated value in this study (1.2 Â 10 À4 m/min) was taken to apply to whole aquifer.
Flow rate estimates
Flow rates, needed for the calculations of mineral reaction rates, have been calculated by parameterising the hydraulic head along the one dimensional flow path (springs 7-1; Fig. 1 ) with the approximation (Fig. 3 ):
where z is distance along flow (m) and the constants, a = 0.0288 and b = 6.074 Â 10 4 , were determined by a least-squares fit. The velocity in the groundwater system is then given by Darcy's Law:
where v a is the real velocity (m/s), k is the bulk hydraulic conductivity (m 2 ), and u is the porosity of the aquifer. Table 1 lists the surface temperatures, pH, Eh, and alkalinity present in water samples from along flow path. The chemical variation of groundwater over space and time is dependent on chemical and biologically-mediated reactions between groundwater and host rocks.
Flow path chemistry
Concentrations of Ca, K, Mg, Sr, Al and SO 4 increase, and Na, B, Ba, Cl, F, Mn and SiO 2 decrease along the flow path (selected elements are shown in Fig. 4 .; data available in Supplementary Material, Table S1 ). Alkalinity and pH increase along the flow path as a result of fluid rock reactions consuming H + and CO 2 , producing HCO 3
À
. The Sr/Ca ratio remains constant as both Ca and Sr concentrations increase along the flow path and the Ca/Sr ratio in the water is comparable to that of plagioclase feldspar in the host basalt (plagioclase composition is discussed further is Section 5.4.1.) consistent with the changes in the Ca and Sr concentrations being dominated by inputs from plagioclase dissolution.
Overall concentrations of chloride are low, indicating little or no input of basinal brines. SO 4 increases along the flow path, however, as Cl displays a decreasing trend the source of S is unlikely to be derived from the mixing of deeper formation brines from the underlying Salt Lake Formation. It is more likely that the increase is due to dissolution of gypsum/anhydride, as suggested by Lewicki et al. (2013) Table S1 ), suggesting that groundwaters discharged from this spring are largely derived from the same recharge inputs as the reservoir. Further downstream conservative ion tracers (Cl, F, B) and dD and d
18
O ratios covary and change systematically to more dilute and isotopically light compositions. The decrease in conservative ion tracers could be a due to the gradual addition of meteoric water from along the flow path. The changes in dD and d
18 O ratios are attributed to the older waters in the downstream parts of the flow path reflecting changing climatic conditions. Fluid transit times along flow paths from zones of recharge in the north to discharge at Pavilion Well, are estimated to be approximate 19,000 years based on hydraulic head and conductivity measurements from this study. Thus the oldest waters were sourced during the last glacial maximum when local d 18 O and dD of local surface waters was substantially lighter (Bright et al., 2006; Jimènez-Moreno et al., 2007) and recharge waters were likely to be dominated by snow melt. The marked decrease in pH at Lovers Delight spring and subsequent rapid increase is interpreted to indicate a fresh addition of CO 2 at this location, derived from local extensional faults. The rapid increase in the concentrations of Ca, Sr, K and SO 4 downstream of Lovers Delight is inferred to be the result of fluid-rock reactions driven by the addition of CO 2 coupled with the decreasing fluid velocities reflecting the decline in the gradients in hydraulic head (Fig. 6) . The rate of change in fluid chemistry decreases with distance downstream of Lovers Delight spring.
Strontium isotopes
87 Sr/ 86 Sr ratios of the groundwaters range from 0.70851 to 0.70915 (Fig. 7) . In the first part of the flow path (Mammoth spring to Lovers Delight) 87 Rn isotopes due to their relative solubility to constrain the source, age and the degree of mixing of ground waters (e.g. Osmond and Cowart, 1976; Osmond et al., 1983; Luo et al., 2000; Roback et al., 2001; Maher et al., 2004) .
The spring 234 U/ 238 U activity ratios shown in Table 2 , are elevated relative to the largest source of recharge water in the region, rainfall and snowmelt (which has a 234 U/ 238 U activity ratio of 
Reaction progression
The evolution of chemical concentrations and isotopic ratios are used to constrain mass balance models of fluid-rock reactions. For the calculation of mineral reactions only the 4 springs downstream of Lovers Delight spring are used, where the spatial changes are well constrained and thought not to be the result of mixing of different fluids. Mineral dissolution rates can then be calculated from the chemical evolution of these groundwaters along the flow path, using estimates of mineral surface areas and fluid velocities determined from gradients in hydraulic head data and the measured in-situ permeability measurement.
The saturation states of the spring waters were calculated using the geochemical modelling software PHREEQC (Parkhurst and Appelo, 1999) coupled with the llnl.dat thermodynamic database (Johnson et al., 2000) . The calculations show that the waters are Ralston et al. (1983) . under-saturated in possible primary mineral phases (Na-Ca plagioclase, olivine, Mg-Fe clinopyroxene, orthoclase) and oversaturated in likely secondary reaction products (calcite, chalcedony, kaolinite, mesolite). Albite, scolecite and CO 2 (g) vary between under-saturated and saturated states along the flow path.
Mass balance calculations
The change in the dissolved chemical component Dm k in groundwater due to mineral dissolution-precipitation reactions is given (Drever, 1988) as:
where M j is the number of mols of mineral j transferred to the fluid (negative for precipitation) and b j,k is the stoichiometric mol fraction of chemical constituent k in mineral j. The following mineral compositions, as determined from electron probe analyses and published whole rock geochemical data by Pickett (2004) and Fiesinger et al. (1982) , were used to constrain the mass balance model:
Plagioclase: Ca 0.5 Na 0. solid solution with two end-members treated independently).
The net transfer of major minerals to the fluid was calculated from the evolution of spring chemistry between the most upstream spring not affected by fluid mixing, Lovers Delight Spring, and all successive down-flow springs.
The following mass transfer reactions between groundwater and the basalt aquifer were constrained by the above mineral compositions and the changes in eight chemical components (Al, Ca, K, Mg, Na, SO 4 , Si and Sr) along the flow path, whereby reactions comprise: (1) the dissolution of plagioclase, orthoclase, pyroxene and gypsum, (2) the precipitation of calcite, zeolites, albite, silica and kaolinite. Zeolite precipitation was assumed to account for excess Ca, Na and Si. Sr/Ca ratio of the host rock plagioclase (Fiesinger et al., 1982) . 
The average Sr concentration of plagioclase was taken to be 344 ppm (Fiesinger et al., 1982) . The plateau of isotopic values and Sr concentration between Soda Geyser and Pavilion Well (Fig. 4e) could indicate that the spring waters attain the isotopic composition of the host rock and reach fluid-mineral equilibrium by the end of the flow path. Although there is variation in the regional Sr isotopic composition of individual basalt samples (Pickett, 2004; 87 Sr/ 86 Sr values of 0.706646-0.707929, n = 2), the low gradient in 87 Sr/ 86 Sr towards the end of the flow path is interpreted to represent the approach to fluid-rock isotopic equilibrium (Fig. 7) . On this basis the 87 Sr/ 86 Sr ratio for plagioclase used in the mass balance calculation is of the furthest down flow spring, Thunderbox spring ( 87 Sr/ 86 Sr = 0.708508). The validity of the solute mass balance model can be ascertained by an alkalinity mass balance, such that the number of equivalents (mEq/l) of alkalinity produced or consumed per mole of mineral phase dissolved or precipitated must equate to the measured change in alkalinity along flow path. Giving an alkalinity mass balance model of:
where alkalinity ¼ HCO
Mineral surface area
In the determination of fluid-mineral reaction kinetics the magnitude of reacting mineral surface areas is a major source of uncertainty in the calculation of dissolution rates (White and Peterson, 1990; Hellmann and Tisserand, 2006) . For this study, mineral surface areas were determined geometrically and by using U-series isotopes. Geometric surface areas were calculated by assuming that fluid flow within the basalt is largely confined to open fractures, and that the exposed mineral surface area is proportional to the fracture surface area weighted for mineral volume fraction. Fracture surface areas where estimated from data in Lore et al. (2001) . An independent estimate of plagioclase surface areas was made using the evolution of the U-series isotope ratio of the fluid following Andrews et al. (1982) , assuming that plagioclase is the primary U hosting mineral. U activity ratio (Fig. 8) along the flow path can be attributed to U transferred by dissolution and precipitation of U-bearing mineral phases and addition of 234 U due to alpha recoil from near mineral surfaces. In near surface, oxidising conditions U is most commonly in the highly soluble hexavalent U(VI) form, whereas, in reducing environment it will be in the relatively insoluble tetravalent U(IV) form (Osmond et al., 1983) . The progressively more reduced nature of the CO 2 -charged groundwaters at Soda Springs imply that changes in U concentrations and isotope ratios are likely to be dominated by additions from alpha recoil processes and not mineral dissolution. The evolution of 234 U/ 238 U activity ratios with time in reducing groundwater conditions was defined by Andrews et al. (1982) :
where q is rock density, AR i is the initial activity ratio of the groundwater, AR t is the ground water activity ratio at time t, 0.235 is the fraction of the recoil atoms from within the recoil range of the surface that enter solution, R is the U activity ratio of the groundwater is then expected to evolve as: 
where q is the density of the fluid (m 3 /kg) passing through the rock and the extent of the rock surface in contact per unit volume of ground water, S, can be related to the specific internal surface area of plagioclase, s, and the aquifer porosity, u, by the equation (Andrews and Kay, 1983) :
Substituting Eq. (18) into Eq. (17) and finding a least-squares best fit to 234 U/ 238 U versus distance (Fig. 8) , the reactive surface area of plagioclase, s, was calculated to be 2.11 ± 0.35 m 2 /m 3 along the entire flow path. The uncertainty reflects the scatter of data about the fit as calculated in Appendix A.
5.4.2.2. Geometric-derived plagioclase surface area. As fluid flow through the basalt aquifer is thought to be primarily along fractures, the surface area of the fractures provides an alternative estimate of fluid-mineral contact areas. The fracture data of (Lore et al., 2001 ) from the similar Snake River Plain basalt is used as an analogue. Specific surface areas, S (m 2 m À3 ) for plagioclase were calculated for horizontal fractures, vertical fracture and total fractures and normalised over a single basalt flow; calculated averages , respectively. It is important to note that the horizontal and normalised plagioclase surface areas are within error of the U-series surface areas calculated earlier. As such for the reaction rate calculations only the U-series surface area will be used.
Reaction rates
The profile of reaction progress with distance along a flow path in a reactive-transport system is a function of the reaction rate and the rate of transport in the system (e.g. Wigley et al., 2012; Litchtner, 1992) . Mineral reaction rates can therefore be calculated using the calculated gradients of mineral mole transfers in the fluid with distance along flow paths, calculated mineral surface areas and fluid flux. Plagioclase and orthoclase feldspar mineral mole transfers with distance increase at an exponentially decreasing rate downstream from Lovers Delight spring, and reaction rates were calculated from this part of the profile, where the profiles are well constrained.
A least squares fit of the change in mole transfers (M j ) with distance (z) was used to obtain the approximation (Fig. 9) :
The rate of change of mole transfers, dM j /dz, can then be expressed as:
The dissolution rate, R, for a mineral, j, is defined as: ) which is calculated from the hydraulic gradient dh/dz, and the hydraulic conductivity, K (units), determined from a well discharge and recovery test, such that:
The rates of mineral dissolution can be calculated by a least-squares fit to the change in mineral mole transfers against distance (Eqs. (19) and (20); Fig. 8 ). Plagioclase dissolution rates vary from 2.4 Â 10 À12 to 4.6 Â 10 À16 mol/m 2 /s and orthoclase from 2.0 Â 10 À13 to 6.8 Â 10 À16 mol/m 2 /s. The difference in the reaction rate of the potassic and plagioclase feldspars is consistent with other field studies (e.g. Hereford et al., 2006; Kampman et al., 2009; White et al., 2001) , but the absolute rates are several orders of magnitude slower than laboratory studies at far-from-equilibrium conditions (e.g. Brantley et al., 1993 Brantley et al., , 2007 Kim, 2002; Taylor et al., 2000; White et al., 1996; White and Brantley, 2003) .
Approach to equilibrium
The Gibbs free energy (DG, kJ/mol) describes the deviation of a system from equilibrium and is defined as:
where R is the gas constant (kJ/K/mol), T is the absolute temperature (K), IAP is the ion activity product (IAP plagioclase = 12.26) and K eq is the equilibrium constant. At far-from equilibrium conditions, feldspar dissolution rates are found to be approximately independent of DG r (although see Taylor et al., 2000; Kampman et al., 2009) . As minerals approach equilibrium with fluids numerous experimental studies have shown that reaction rates depend on the degree of mineral undersaturation. However the functional form of the reaction rate dependence on the degree of undersaturation (DG) is uncertain. For example Lasaga (1998) argues from transition state theory that reaction rates should exhibit a simple exponential dependence. However some experimental studies (e.g. Hellmann and Fig. 9 . Calculated changes in mole transfers of feldspar with distance along flow path. The rate of change of mineral moles with distance was calculated by a least-squares fit to Eq. (19). Error bars are the propagated uncertainty associated with mass balance modelling (Appendix A and B) . Tisserand, 2006) and field studies (e.g. Kampman et al., 2009) imply a different function form with the gradient of reaction rate change decreasing as equilibrium is approached.
The degree of disequilibrium between fluids and minerals in this study has been calculated by using the activities and equilibrium constants of aqueous species from the geochemical computer code PHREEQC (Parkhurst and Appelo, 1999) . As pH and alkalinity were measured at surface, the total CO 2 concentration is underestimated due to surface degassing. Therefore DG was calculated assuming CO 2 was saturated at the depth sampled by the spring and this depth was estimated from the local geothermal gradient and spring temperatures. Values for DG for plagioclase (DG plagioclase ) were determined using Eq. (23), where a K eq value was calculated using SUPCRT92, using a plagioclase solid solution composition of Ca 0.5 Na 0.5 AlSi 3 O 8 . As fluids are oversaturated in respect to orthoclase we did not calculate DG values for R kspar . Fig. 10 displays an inverse relationship between dissolution rates and mineral-fluid free energies over a À25.4 to À10.8 kJ/mol transition. The proximity of these free energies to equilibrium lie in the moderate to low DG, low dissolution rate range, characterised by a strong functional dependence of the dissolution rate on DG. At DG plagioclase > À30 kJ/mol rates decrease exponentially over four orders of magnitude as equilibrium is approached thus accounting for the large range in calculated reaction rates.
These observations support other field studies (e.g. Maher, 2010; Maher et al., 2009; Malmstrom et al., 2000; Kampman et al., 2009 ) that natural mineral weathering rates occur largely in the close to equilibrium region difficult to characterise in laboratory experimental studies (c.f. Hellmann and Tisserand, 2006) .
Uncertainties
The uncertainties in calculated reaction rates result from uncertainties in fluid residence times, hydraulic conductivity, hydraulic gradients, flow paths, surface areas, secondary mineral compositions and past variations in isotopic compositions of groundwater. Estimating reactive mineral surface areas is one of the most problematic aspects of determining mineral reaction rates (White and Brantley, 2003) . Reactive mineral surface areas are assumed to be constant along the length of the flow path. Errors for the hydraulic gradient are assumed to be on the order of ±10%. Errors were propagated for calculations of mole transfers and reaction rate using the equations in Appendices A and B. It should noted that several of these factors, including most significantly the estimates of mineral surface areas, are probably systematic and although affecting the absolute mineral dissolutions rates, will not change the relationship between reaction rate and degree of undersaturation.
Conclusion
Establishing reliable rates for low-temperature silicate dissolution and precipitation reactions is critical to the understating of fluid-mineral reaction rates in storage reservoirs and the long-term security of the stored CO 2 . Understanding processes controlling the absolute magnitude of these rates, including mineral surface, thermodynamic and fluid transport process, is important for informing modelling studies. This study uses the chemical evolution of groundwater from the lower CO 2 -charged aquifer in the Blackfoot Lava Field to examine the fluid-mineral reactions occurring within a basaltic aquifer. Groundwater flow is confined to open fractures within the basalt. North-northwest trending faults allowing the vertical migration of waters to the surface resulting in the occurrence of CO 2 -rich springs. An in-situ bulk hydraulic conductivity of 1.2 Â 10 À4 ± 1.1 Â 10 À4 m/min was determined using pressure recovery data from a flowing well penetrating the CO 2 -charged portion of the aquifer. Interpolated potentiometric surfaces, determined from hydraulic head data, were used to determine regional flow paths between the CO 2 -springs. The initial composition of meteorically-derived groundwater is sourced from the northern recharge zone, Blackfoot Reservoir. Solute concentrations increase along flow paths due to CO 2 -promoted weathering of minerals comprising the aquifer matrix. Changes in groundwater chemistry and petrological observations, are used to infer that these reactions are dominated by feldspar dissolution and zeolite precipitation. Increases in pH and HCO 3 À along the flow path indicate that the fluid-mineral reactions are dominated by the hydrolysis of silicate minerals consuming H + and releasing alkalinity.
In-situ feldspar dissolution rates were determined from mass balance modelling of fluid chemistry along the flow path from Lovers Delight Spring down-gradient and constrained by petrology, whole rock chemistry and aquifer hydrology. Calculated plagioclase dissolution rates range from 4.6 Â 10 À12 to 4.6 Â 10 À16 mol/m 2 /s and orthoclase feldspar dissolution rates from 2.0 Â 10 À13 to 6.8 Â 10 À16 mol/m 2 /s. These rates are one to four orders of magnitude slower than rates determined by laboratory experiments at similar pH and temperatures. It is interesting to note that the dissolution rates of plagioclase are an order of magnitude faster than orthoclase, which is consistent with findings of White et al. (2001) , Hereford et al. (2006) and Kampman et al. (2009) . DG values of plagioclase indicate near-equilibrium conditions of waters with reaction rates decreasing sharply with increasing saturation; indicating a strong functional dependence of reaction kinetics on the free energy of fluid-mineral reactions. These findings are in agreement with similar studies of near-equilibrium silicate dissolution both in flow through laboratory reactor experiments (Hellmann et al., 2007) ; and natural analogue sites such as at Green River, Utah (Kampman et al., 2009) . Major uncertainties in this study, as is common in most field studies, originate from the non-unique interpretations of mass balance modelling, the difficulty of defining and measuring reactive surface areas, the heterogeneities in mineral compositions and groundwater chemistry over the flow path. 
